Background-Blood omega-3 and omega-6 fatty acid levels have been associated with reduced risk for total mortality in patients with stable coronary heart disease (CHD), but their relationships with mortality in the setting of myocardial infarction (MI) are unknown.
Introduction
Identifying patients at higher risk for death after myocardial infarction (MI) is a cornerstone of modern cardiovascular care 1 . The GRACE (Global Registry of Acute Coronary Events) score was developed to better risk-stratify patients admitted with an acute coronary syndrome (ACS) and identify those at increased risk for death over the next 6 months 2 . The c-statistic for the GRACE score was originally reported to be 0.75, but the extent to which it applies to longer term mortality or can be improved upon with other risk markers has received relatively little attention.
Several epidemiologic studies have linked higher fish intake, the primary source of the marine omega-3 fatty acids eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), with lower risks of sudden cardiac death 3 and death from coronary heart disease (CHD) 4 . Higher blood levels of EPA + DHA are also associated with a lower risk for death from any cause 5 . In addition, two large post-MI randomized trials found that higher intake of fish 6 and fish oil 7 reduced all-cause mortality and improved cardiovascular (CV) prognosis. On the other hand, a recent 1-year German study in post-MI patients found no effect of 840 mg/d of omega-3 fatty acids on CV endpoints 8 , and a study using the same dose in dysglycemic patients reached the same conclusion 9 .
Heart cell membrane content of omega-3 fatty acids can be estimated by measuring red blood cell (RBC) fatty acid composition 10;11 which has been shown to be a more stable marker of omega-3 status than plasma levels 12 . The primary known determinants of RBC omega-3 levels are EPA+DHA intake, fish oil supplementation, smoking and age with genetic factors explaining about 25% of the variability 13 . In light of the association between marine omega-3 fatty acid status and CV prognosis, and considering the fact that omega-3 tissue content is modifiable by diet or supplementation 14;15 , levels of specific fatty acids could be a valuable addition to risk stratification after MI, and could identify patients for novel treatment strategies to improve prognosis. Although a suite of RBC fatty acids (including certain omega-3, omega-6, trans, saturated and monounsaturated species) showed an improved ability to discriminate ACS cases from controls as compared with classic Framingham risk factors, 16 the prognostic value of the RBC fatty acid patterns in patients presenting with an acute MI is unknown. The aim of the present study was to determine the extent to which admission RBC fatty acid levels 1) predicted 2-year mortality rates and 2) improved upon the GRACE score prediction in patients with acute MI.
Methods

Participants
The Translational Research Investigating Underlying disparities in recovery from acute Myocardial infarction Patient Health status (TRIUMPH) study is a prospective MI registry of 24-centers across the United States 17 ). Inclusion criteria were age ≥ 18 years with biomarker evidence of myocardial injury (positive troponins or elevated creatinine kinase-MB fraction within 24 hours of hospital admission) and supporting evidence of an acute MI (either ischemic symptoms lasting for > 20 minutes or electrocardiographic ST changes). Patients were excluded if they were incarcerated, refused participation, were unable to provide consent, did not speak English or Spanish, were transferred to the participating hospital from another facility more than 24 hours after initial admission, or expired or were discharged prior to being contacted by the investigators.
Patients were enrolled in TRIUMPH from April 11, 2005 to December 31, 2008. Consecutive patients, enrolled between 04/2005 and 10/2007, who consented to supplemental blood work, also had their RBC membrane fatty acid levels measured and were included in this analysis. The study protocol was approved by the individual Institutional Review Boards of the participating centers and all participants provided written informed consent. Detailed clinical and treatment characteristics were collected by chart abstractions and standardized interviews performed between 24 and 72 hours after acute MI admission. Trained data collectors at each site acquired the requisite data. Vital status was determined by phone interviews and queries of the social security death master file. Diseasespecific morbidity or mortality data were not available.
GRACE score
The GRACE risk score was developed in 15,007 and subsequently validated in 7,638 MI patients from 94 hospitals in 14 countries. In developing the score, many variables were considered: age, sex, medical history (8 items), prior medications (9 items), signs and symptoms at admission (7 items), and in-hospital medical treatments, procedures and complications (25 items). Of these, nine entered the final model: age; histories of myocardial infarction and heart failure; admission heart rate, systolic blood pressure, serum creatinine level; elevated initial serum cardiac biomarker level; ST-segment depression on presenting electrocardiogram; and percutaneous coronary intervention performed in hospital 2 . The GRACE risk score has been shown to provide good discrimination of 6-month mortality (cstatistic = 0.75), even with modern cardiac care, and is well-calibrated 18 .
Red blood cell membrane fatty acid levels
RBCs were obtained from ethylenediaminetetraacetic acid (EDTA) blood samples after removal of the plasma and buffy coat and stored at −70°C until thawed for analysis. Briefly, an RBC aliquot was heated at 100°C for 10 minutes with methanol containing 14% boron trifluoride. The fatty acid methyl esters thus generated were extracted with hexane and water and were analyzed via gas chromatography using a GC2010 (Shimadzu Corporation, Columbia, MD) equipped with a 30m capillary column (Omegawax 250, Supelco, Bellefonte, PA) 19 . FAs were identified through comparison with a standard fatty acid methyl ester mixture (GLC-727, Nuchek Prep, Elysian, MN). (Note: trans fatty acids were not measurable by this method). The coefficient of variations were <6% for all fatty acids of interest.
Other Laboratory Tests
Plasma lipids and lipoproteins were measured by the VAP test (Atherotech, Inc., Birmingham, AL). Troponin T was measured using Roche Elecsys Troponin T Immunoassay and hs-CRP was measured using Roche Tina-quant CRP (Latex) assay. Serum creatinine levels were determined by the Roche serum creatinine Jaffé method using rate-blanking and compensation.
Statistical Methods
Continuous variables are described as mean ± standard deviation (SD) and were compared using Mantel-Haenszel trend tests. Non-normal data are described as median [interquartile range (IQR)] and are compared using the Kruskal-Wallis test. Categorical variables are described as counts and percentages and were compared using the chi-square test, the Fisher exact test, or the Kruskal-Wallis test as appropriate.
RBC fatty acids of interest were chosen on the basis of their association with 2-year mortality after adjusting for the GRACE score. To best determine the functional relationship between 2-year mortality and RBC FAs we used Martingale residuals calculated from the Proportional Hazard model with the Grace Score as the lone predictor. The Martingale residual can be interpreted as the difference between the observed and the expected number of events under the assumed Cox model across the range of RBC fatty acid levels 20 . We then performed locally-weighted quadratic regression with a smoothing window of 67% predicting the Martingale residual on fatty acids of interest, as suggested by Klein and Moeschberger 20 . Based on these plots we determined whether the fatty acids of interest had an association with risk and whether that risk was best described as a linear, polynomial, or categorical relationship. We then plotted Kaplan-Meier curves based upon RBC fatty acid tertiles (for linear variables) or cutpoint (for non-linear variables) and computed a trend test p-value.
To determine the extent to which the fatty acids provided incremental information beyond the GRACE score, we tested nested proportional hazard models. Model 1 contained the GRACE risk score, and Model 2 contained GRACE plus the fatty acids of interest. To evaluate the potential improvement in the GRACE score prediction, we then followed the recommendations of Hlatky et al 21 . First we computed the independent significance of the fatty acid markers by Hazard Ratios and 95% CI's. We then computed the survival cstatistics 22 and tested them using the methods by Antolini 23 . Next, we computed the Integrated Discrimination Improvement (IDI) on both the absolute and relative scale, along with the continuous Net Reclassification Improvement (NRI), as described by Pencina 24 . Bootstrapping was used to obtain 95% confidence intervals. The IDI combines the increase in mortality probability provided by including the fatty acid marker for those experiencing an event plus the decrease in mortality probability for those not experiencing an event. Similarly, the continuous NRI is the net proportion of subjects getting correctly reclassified relative to the GRACE score alone. Lastly, we graphically inspected and computed calibration measures using deciles of predicted risk according to the approach of D'Agostino 25 . Statistical significance was defined as P<0.05. All statistical analyses were performed using SAS Version 9.2 (SAS Institute, Cary, NC).
Results
A total of 4277 patients were enrolled in TRIUMPH, and the first 1517 had their admission omega-3 fatty acid levels measured. Baseline characteristics of the patients who had their fatty acids levels measured were similar to those who did not. Of the 1517 patients, 21% (n=320) reported commencing omega-3 supplementation after discharge and were removed from the analysis so that the baseline assessment would be a more accurate reflection of their chronic state. This resulted in a final cohort of 1,197 patients. Vital status at 2 years was available for 1,144 of which 135 (11.8%) had died.
GRACE Risk Score and 2-year Mortality
Although originally validated for 6-month survival, in this study the GRACE score was a significant predictor of 2-year mortality with a c-statistic of 0.75 (p<0.001), with a calibration chi square of 12.53 (p=0.13) indicating good calibration. A comparison of all demographic, behavioral, medical and treatment variables according to mortality status at 2 years is presented in Supplementary Table 1.
RBC Fatty Acids and 2-Year Mortality
RBC fatty acid differences between surviving and dead patients are shown in Table 1 . Three fatty acids were significantly different in unadjusted analyses, EPA, the n-6 fatty acid docosapentaenoic acid (DPA), and the n-6 fatty acid dihomo--linolenic acid (DGLA). Of these only EPA and DPA were significantly related to 2-year mortality after adjustment for the GRACE score (Table 1 ; see below), hence subsequent analyses focused only on these two.
To determine whether the relationships with 2-year mortality for EPA and DPA were continuous or not, Martingale residuals were constructed (Figures 1a and 1b ). Higher levels of EPA and lower levels of DPA were associated with a lower risk of death within 2 years (Table 1) . For EPA the relationships were non-linear and suggested high-, intermediate-, and low-risk cutpoints (<0.25%, 0.25%-0.8%, and >0.8%, respectively). For DPA, the relationships were approximately linear. Based on these findings, patient characteristics (including demographics, clinical, lipid factors and GRACE score components) by category of RBC EPA (Table 2 ) and by tertile of RBC DPA (Table 3) were examined. The two fatty acids themselves were inversely related to each other. Kaplan-Meier curves for admission levels of both EPA by categories ( Figure 2a ) and DPA by tertiles (Figure 2b ) showed significant unadjusted associations with 2-yr mortality. The GRACE score was not significantly related to levels of RBC EPA or DPA. EPA levels were inversely related to a history of chronic heart failure and directly related to high-density lipoprotein cholesterol levels and education. DPA was directly associated with serum creatinine and African American race and inversely with education. (A comparison of all demographic, behavioral, medical and treatment variables according to RBC EPA categories and to DPA tertiles is presented in Supplementary Tables 2 and 3 , respectively).
Improvements in GRACE Score Discrimination of 2-Year Mortality by RBC Fatty Acids
When adjusted for the GRACE score, an EPA level in the lowest category (<0.25%) had a hazard ratio (95% CI) of 3.71 (1.81, 7.61; p<0.001) relative to the highest category (≥ 0.8%), and the intermediate level (0.25% to 0.8%) had a hazard ratio of 1.76 (1.13, 2.75; p=0.013) relative to the highest. A 1-SD increase in RBC DPA had a mortality hazard ratio of 1.232 (1.056, 1.438; p=0.008). Two factors not included in the GRACE score (HDLcholesterol and C-reactive protein) were also entered into the model. Neither one modified the GRACE score prediction nor the improvement with EPA and DPA (data not shown).
The c-statistic for the model including only EPA and DPA was 0.60 (95% CI=0.55, 0.65). The inclusion of these two RBC fatty acids with the GRACE score improved the discrimination of the GRACE score's c-statistic from 0.75 to 0.77 (p<0.05) ( Table 4 ). The relative incremental discrimination index improved by 19.8% (95% CI, 7.5%, 35.7%) and the absolute IDI improved by 2.2% (0.87%, 3.92%). The improvement in IDI was due almost completely to an improvement in prediction of those that died (2%) whereas the change in probability for survival was more negligible (0.2%). Adding the RBC fatty acids improved the classification of true events by 26% and of true non-events by 5.5%. Together these resulted in a net reclassification index of 31% (15%, 48%). Lastly, calibration chisquares for the GRACE + fatty acids model [11.67 (p=0.17) ] indicated that it, like the GRACE model alone, was well calibrated.
Discussion
Our purpose in this study was not to develop a new GRACE score, but to determine the extent to which information derived from RBC fatty acid analysis might improve upon an already well-validated risk prediction algorithm for MI patients. Our primary finding was that RBC fatty acid data improved the c-statistic and reduced GRACE score misclassification rates. Secondarily, we found that the ability of the GRACE score alone to discriminate those likely to survive (i.e., the c-statistic) can be extended from the originallyvalidated 6 months to 2 years 2 . Although our findings imply that risk-stratification in MI patients may be improved by adding RBC EPA and DPA levels to the GRACE risk score, our primary point was to demonstrate that potentially important information about health status may be derived from (at least 2 components of) the fatty acid profile of RBC membrane.
Much research is now focused on improving the prognostic accuracy of validated prediction models by including novel risk markers. It has, however, proven difficult to not only improve the c-statistic, but to also improve classification 24;26;27 . In the current study, we have taken the approach recommended by an expert committee of the American Heart Association 21 in which effects on discrimination, IDI, NRI, and calibration were all evaluated. We found that all aspects of the GRACE score prediction were improved by the addition of RBC fatty acids. Importantly, 31% of our population were correctly reclassified by the inclusion of the fatty acids, primarily driven by the 26% of the cohort that GRACE predicted would be alive but who, in fact, died. Some previous attempts to improve on the GRACE score prediction with novel markers have been successful 28;29 whereas others have not 30;31 .
Our study confirms and extends the results of the Infarction Prognosis Study from Japan, where plasma EPA levels were found to be predictors of 16-month total mortality in MI patients 32 . Although not directly compared with the GRACE score, several components of the GRACE score were included in their multivariable models. Ueeda et al. reported similar findings for cardiovascular endpoints 33 .
In our previous work, we proposed that an RBC EPA+DHA level (the omega-3 index) of at least 8% offer the greatest protection against subsequent death from CHD 34 . Mortality data from the Heart and Soul study supported this view 5 as do data from case-control studies of ACS and acute MI patients 35;36 . Our data are also consistent with other studies showing an association between lower omega-3 index and sudden cardiac death and/or non-fatal MI 35;37;38 . Our findings support those of a Norwegian study showing that a low omega-3 index was associated with increased risk for in-hospital ventricular fibrillation in MI patients 39 , and, among frail 40 elderly patients (mean age 82 years) acutely admitted to the hospital for any cause, 3-year mortality was higher among patients with plasma EPA levels in the lowest quartile 41 . Although our findings agree with those of another Norwegian study in showing no significant relationship between 2-year mortality and the omega-3 index in post-MI patients 42 , the Norwegian study did not further examine individual fatty acids (e.g., EPA) nor compare them with GRACE score predictions. In patients without known history of CV disease, lower blood levels of long-chain n-3 fatty acids are associated with an increased risk of sudden death 37;38 .
A particularly compelling aspect of using the EPA level to risk-stratify patients is that it is modifiable. A recent study in patients after coronary artery bypass surgery reported by Benedetto et al. found that in those prescribed omega-3 fatty acids at discharge, 2.5-year mortality was reduced by almost 50% 43 . Higher plasma EPA levels (caused by 1.8 g/d EPA supplementation for 5 years) were also associated with reduced major cardiac events in the Japan EPA Lipid Intervention Study 44 . Similarly, treatment with about 1 g/d of EPA+DHA in the GISSI-Prevenzione 7 and GISSI Heart Failure 45 trials also significantly reduced allcause mortality, although a recent study from Germany reported no benefit on total mortality in post-MI patients after 1 year of treatment with the same dose of EPA+DHA. 8 This latter study, however, was severely underpowered, suggesting that the preponderance of evidence still supports the potential value of EPA+DHA supplementation in post-MI patients. Our findings suggest that this benefit may be most beneficial in those with an EPA level below 0.25%.
The median omega-3 index and EPA levels in our study were 4.9% and 0.6%, respectively, which are consistent with other studies from the US 16;19;46 . In Japan, where fish and seafood are more common components of the diet, the average omega-3 index is twice as high and the RBC EPA level is 2-3 times higher 47;48 . Compared to an estimated life expectancy of 78.4 years in the US, life expectancy in Japan is 82.3 years; 2011 world rankings of 50 th and 5 th , respectively 49 . The reasons for this 4-year difference in longevity are undoubtedly numerous, however, higher plasma omega-3 levels have been identified as an important correlate of reduced atherosclerotic burden among Japanese men 50 .
The mechanisms through which omega-3 fatty acids reduce mortality after MI are not entirely clear. However, a direct cardio-protective effect of omega-3 fatty acids by their incorporation into myocardial cell membranes is thought to play a role 51 . Mechanisms suggested to mediate this cardio-protective effect have recently been reviewed 52 and include altering membrane potentials; affecting sodium and calcium channels, which can reduce susceptibility to arrhythmias); reducing platelet aggregation and thrombin generation; lowering levels of circulating inflammatory markers; and affecting vagal tone, which can reduce heart rate. Recent mouse studies from our lab found potential anti-fibrotic effects 53 . In acute MI patients from Japan, there was a negative correlation between serum levels of omega-3 fatty acids and coronary artery plaque burden 54 , and omega-3 supplementation reduces the inflammatory cell burden of carotid plaques 55;56 . Omega-3 fatty acids blood levels have been inversely associated with the rate of telomere attrition 57 , a putative measure of cellular aging.
The mechanism(s) by which increased levels of DPA may influence mortality risk are far less clear. DPA n6 is the ultimate fatty acid metabolite of arachidonic acid (C20:4 n6), and is present, like EPA, in the cell membranes in quite low quantities. For example, DPA comprises 0.8% of the fatty acid composition of the RBC cell membrane, compared to 0.6%for EPA, 4.4% for DHA and 20% for arachidonic acid. DPAn6 tends to be inversely associated with DHA and has been proposed as a marker of functional DHA deficiency 58 . There are no known functional metabolites of DPA (such as prostaglandins, leukotrienes, resolvins, neuroprotectins, etc.), and it is not known to be a substrate for cyclooxygenase, lipoxygenase, or cytochrome P450. So the effects of higher (vs lower) DPA levels on inflammatory processes is unknown. In the current study we speculate that DPA may be a marker of functional omega-3 deficiency; whether DPA is a CV risk predictor independent of EPA/DHA is uncertain.
Strengths and Limitations
The main strengths of this study were its relatively large sample size, multi-center design, long-term follow-up, focus on total mortality, comparison with an established risk prediction model (GRACE), and the use of a validated biomarker of fatty acid status. Its limitations were its observational design, the lack of disease-specific endpoints, and the potential for unmeasured confounding. Further studies are required to determine whether utilizing RBC fatty acid measures in risk stratification will lead to increased recommendations for raising omega-3 intakes in the high risk groups or more aggressive treatment (e.g. intra-cardiac defibrillators or revascularization), and more importantly, whether improved risk stratification can reduce mortality.
In conclusion, we found that levels of two relatively minor fatty acid components of RBC membranes (EPA and DPAn6) added significantly to the ability of the GRACE score to predict risk for 2 year mortality in MI patients.
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The TRIUMPH study was supported by grants from the National Heart, Lung, The Martingale residual plots show the difference between the observed and predicted (by GRACE score) 2-year mortality as a function of two RBC fatty levels: A) eicosapentaenoic acid (EPA) and B) n-6 docosapentaenoic acid (both expressed as a % of total RBC fatty acids). Values above 0 represent more deaths than predicted, and those below, fewer deaths than predicted. The relationship between EPA and risk was non-linear, therefore cut points (vertical lines) were selected to estimate high (<0.25%), intermediate (0.25% and 0.8%) and low risk categories (>0.8%). Therefore, EPA was modeled as a categorical variable. Relationships with DPA were relatively linear, therefore this fatty acid was modeled as a continuous variable. Kaplan-Meier curves describing the unadjusted mortality by A) RBC EPA cutpoints (log rank p<0.001), and B) RBC DPA tertiles (log rank p=0.018). 
